The Co oxide microfibers were synthesized using the electrospinning process and formed Co 3 O 4 microfibers after being calcined at high temperatures. The calcination temperature influenced the diameters, morphology, crystalline phase, and chemical environment of the fibers. The surface morphology of the obtained fibers was examined by using the scanning electron microscope (SEM). As the calcination temperatures increased from room temperature to 873 and 1173 K, the diameters of the cobalt oxide fibers decreased from 1.79 to 0.82 and 0.32 mm, respectively. The structure of the fibers was investigated with X-ray diffraction (XRD) and transmission electron microscopy (TEM). The calcined Co 3 O 4 fibers had crystalline face-centered cubic (fcc) structure. The X-ray photoelectron spectroscopy (XPS) results revealed that increasing the calcination temperature promoted the formation of Co 2+ and Co 3+ species.
Introduction
Nano-/micro-structured transition metal oxide materials have been actively studied because of their scientific interests and various usages in applications including catalysts, electronics, photonics, and sensors. [1] [2] [3] [4] [5] Compare to bulk metal oxide materials, the nano-/ micro-scaled metal oxide materials have large surface to volume ratio and a high level of crystallinity. These can affect chemical, physical, and electrical properties.
There are three well known polymorphs of cobalt oxides, and they are cobaltous oxide (CoO), cobaltic oxide (Co 2 O 3 ), and cobaltosic oxide (Co 3 O 4 ). These cobalt oxides are interesting due to their useful chemical and physical properties. 6 Co 3 O 4 is especially more attractive than the other Co oxides, because of its potential applications such as magnetic materials in energy storages, 7 26 Among them, the electrospinning process provides a simple and facile method for synthesizing fibers, which are one of the one-dimensional structural materials. Those microfibers are incorporated with polymer/inorganic composites as a precursor in the range of micrometers. Moreover, not only the electrospinning technique can easily synthesize microfibers of controlled sizes and shapes, but also takes a relatively short amount of time to synthesize. Overall, we synthesized Co 3 O 4 microfibers by using the electrospinning process.
Recently, some studies have succeeded in synthesizing cobalt oxide nanofibers by using the electrospinning method.
6,27
However, reports about the effect of calcination temperature on the chemical and physical properties of the Co 3 O 4 microfibers are sparse. We report that the calcination temperature effect on the electrospun Co 3 O 4 microfibers which were characterized with scanning electron microscopy (SEM), Xray diffraction (XRD), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).
Experimental
Cobalt oxide microfibers were produced by electrospinning technique using cobalt nitrate (Co(NO 3 ) 2 ·6H 2 O, MW: 291.03, Junsei Chemical) and polyvinylpyrrolidone (PVP, (C 6 H 9 NO) x , MW: ~1,300,000, Sigma Aldrich) solution. The cobalt nitrate solution was made with 0.6 g of cobalt nitrate in 13 mL of ethanol (99.9%) and it was stirred for 1 hr at room temperature. Then 0.77 g of PVP was added in the cobalt nitrate solutions and was stirred for 11 hrs to stabilize at rt. The mixed solution was used for a precursor solution. The viscosity of the precursor solution was measured with a viscometer (A&D; SU-10) and the average viscosity was 85.03 (± 3.31) cP. It is important to control the viscosity of the solution for obtaining microfibers because viscosity is a crucial factor for the formation of microfibers without beads.
The precursor solution in a syringe (10 mL) was pumped by a syringe pump (KDS scientific) and was electrospun to a drum collector, which was covered with aluminum foil. The distance between the tip and the collector was kept constant at 15 cm and the speed of the revolution of the drum was maintained at 100 rpm during the electrospinning process. The applied average voltage between the collector and the syringe tip was 12.1 kV. The obtained cobalt oxide (CoO x ) microfiber composites were heated in a tube furnace (DTF-40300-12T, Daeheung Scientific Co.) for 5 hrs at 353 K for evaporation of residual ethanol used as a solvent. The solvent-free microfibers were calcined at 873 and 1173 K in a tube furnace in order to obtain cobalt oxide microfibers. The obtained cobalt oxide (CoO x ) microfibers are called Co-873 and Co-1173 hereafter. Those temperatures were chosen based on the result of thermogravimetric analysis.
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Surface morphology of the CoO x nanofibers was observed by means of field-emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F). Transmission electron microscope (TEM, JEOL, JEM-2010) images of the CoO x microfibers were taken to check the lattice parameters. X-ray diffraction (XRD, PHILIPS, X'Pert-MPD System) patterns were recorded for identification of the phase of the CoO x microfibers. The chemical nature of the CoO x microfibers was studied with X-ray photoelectron spectroscopy (XPS, VG ESCALAB 2000) using Mg Kα X-ray source (1253.6 eV). The base pressure in the analysis chamber was kept lower than 8.2 × 10 10 Torr.
Results and Discussion
SEM Analysis. The morphology of obtained CoO x microfiber was investigated with SEM. The SEM images of the as-electrospun (Co-rt) and calcined CoO x microfibers are shown in Figure 1 . The average diameters of Co-rt, Co-873, and Co-1173 were 1.79 (± 0.20), 0.82 (± 0.19), and 0.32 (± 0.10) mm, respectively. The diameter, comparing Co-rt with those of Co-873 and Co-1173, reduced to 54.73% and 81.62%, respectively. As the calcination temperature increased, the diameter of microfibers drastically decreased. The surface of Co-rt was smooth and continuous. After calcination at 873 K, the surface microfibers turned coarse shown in Figure 1 (b) and some submicro-tunnels were formed. This implies that the PVP in Co-rt microfibers was decomposed by calcination at 873 K. 29 A similar phenomenon in morphology change of nanowires was reported by Z. Hou et al.. 30 As shown in Figure 1 (c), the CoO x microfibers seemed to be connected with submicro-sized CoO x particles, eventually the 1D microfiber vanished and a 3D network formed. The conceptual process of 3D network of CoO x formation is depicted under the SEM images. It may be due to the removal of PVP during the calcination process and aggregated the submicro-sized particles and pores formed. Those observations suggest that the PVP in the microfibers acted as a framework of the PVP/Co(NO 3 ) 2 composite microfibers before calcination and CoO x microfibers formed after calcination. Therefore the calcination temperature influenced the shape and diameter of CoO x microfibers.
XRD Analysis. XRD analysis was performed to investigate the phase of the CoO x microfibers. Figure 2 shows Figure 3 . The high resolution TEM image shows the uniform arrangement of the lattice plane approving the crystallinity with 0.45 (± 0.06) nm of interplane spacing corresponding to the (111) plane of the Co 3 O 4 .
28 The imperfectness of the crystal hardly detected in the lattice fringes which implies the Co-1173 contains good crystallinity. The lattice fringes of the selected area electron diffraction (SAED) image are depicted in the inset of Figure 3 . Indices of the SAED pattern correspond to (1 1), ( 1 ), (420), and (33 ) planes from crystallographic simulations. 33 This indicates that the crystalline Co 3 O 4 formed after calcination at high temperature. Figure 4 shows the survey XP spectra of Co microfibers. Characteristic peaks of Co, O, N, and C and the Auger lines of Co(LMM), Co(LMV), and Co(LVV) evolved at different calcinations temperatures. This implies that CoO x microfibers are successfully synthesized by the electrospinning method. The N 1s peak was observed at Co-rt, but it vanished as the calcination temperature increased. The calcination process caused the decomposition of PVP and removal of nitrogen. The intensity of C 1s peak decreased, however the Co 2p and O 1s peaks increased as the calcinations temperature increased. The Figure 5 shows the representative deconvoluted high resolution XP spectra of C 1s, Co 2p, and O 1s. The C 1s peak decomposed to 4 peaks which are attributed to the carbon with different chemical environments in PVP. 34 The detailed parameters are listed in Table 1 . The numbers for carbon denoted in Figure 5 (a) are assigned from low to high binding energy depending on its chemical environment. The relative ratio of 1, 2, 3, and 4 is almost 2:1: 2:1 for Co-rt. The intensities of 3(C-N) and 4(C=O) decreased with increasing calcination temperatures. Due to the closed calcination system for the microfibers, the decomposed PVP might redeposit on the surface of microfibers during the calcination process. Therefore the components of residual PVP were detected after calcination. These results demonstrate the decomposition of PVP and support the results of SEM observation. The oxidation state of cobalt can be deduced from the deconvoluted XP spectra of O 1s and Co 2p. Figure  5(b) shows the deconvoluted XP spectra of Co 2p 3/2 of CoO x microfibers obtained at different calcination temperatures. The Co 2p 3/2 region was deconvoluted to avoid complexity because the spin obit splitting constant of Co is large, which is 15.1 eV. The deconvoluted Co 2p 3/2 peaks were assigned to Co 0 , Co
3+
, and Co 2+ from low to high binding energy.
35-37
The binding energy of the Co 3+ with tetrahedral geometry (high spin) was assigned to lower than that of Co 2+ with octahedral structure (low spin). 38 Information about the binding energy and relative ratio of each species with differ- ent oxidation state is listed in . This result supports the Co XPS result that the oxidation of Co was promoted by thermal energy. The third peak was assigned to the oxygen in the form of hydroxyl group, and fourth peak corresponded to the oxygen near surface region of microfibers. As the calcination temperature increased, the contents of surface oxygen decreased.
Conclusion
The Co oxide microfibers were produced with cobalt nitrate (Co(NO 3 ) 2 )/polyvinylpyrollidone (PVP) precursor solutions by using the electrospinning technique. As a result Co 3 O 4 fibers were formed after calcination at 873 and 1173 K. The SEM images reveal that the diameter of electrospun microfibers decreased as the calcination temperature increased. The 
